The removal of pharmaceutical pollutants from the aqueous environment is a great environmental concern, mainly due to their diversity, high consumption, and sustainability. In the current study, we aimed to investigate the ability of multi-walled carbon nanotubes (MWCNTs) modified by sodium hypochlorite (NaOCl) and ultrasonic treatment in refining wastewaters contaminated with Atenolol β-blocker drug (ATN). The physical and structural characteristics of the raw MWCNTs and modified MWCNTs (M-MWCNTs) were analyzed using SEM, TEM, Raman spectroscopy, TGA, and FT-IR techniques. The effects of different parameters, including pH, initial concentration, contact time, and temperature were studied and optimized. Subsequently, the adsorption data were analyzed by several kinetic and equilibrium isotherm equations and modeled by artificial neural network (ANN). Highest ATN removal (87.89%) ((q e,exp = 46.03 mg g −1 )) occurred on the adsorbent activated within 10 s of ultrasonication time and NaOCl 30%. Moreover, adsorbent modification significantly improved the ATN removal, so that the removal rate on the raw MWCNTs was about 58%, but in the same conditions, M-MWCNTs removed more than 92% of the adsorbate. The adsorption process reached equilibrium after 90 min under the optimized pH of 6. According to ANN modeling, approximately the whole values dispersed around the 45°line, indicating a good compatibility between the trial results and ANNpredicted data. The modification of MWCNTs in proper ultrasonic power via appropriate concentration of NaOCl solution removed many of the impurities and significantly improved the adsorption performance of MWCNTs.
Introduction
Recently, the use of pharmaceutical compositions has dramatically grown in human beings and animals, but due to diversity, high consumption, and sustainability, they are one of the most important water contaminants [1, 2] . Atenolol (ATN) is one of the most prescribed antagonist β-blocker drugs [3] , widely used to treat cardiovascular diseases, reduce the probability of heart attacks, treat angina (chest pain) as well as hypertension, and control some forms of heart arrhythmias. Therefore, it extensively exists in hospital wastewaters [4, 5] . Maszkowska, et al. claimed that ATN could alter the amount of testosterone in human by generating disruption in endocrine glands [6] .
Since the most consumed β-blockers are not fully metabolized in the human body, major parts of these drugs (about 90%) are excreted through urine as unaltered [7] . Lack of adequate and sufficient technologies has caused the necessary removal of these compounds from municipal and hospital Electronic supplementary material The online version of this article (https://doi.org/10.1007/s40201-019-00347-0) contains supplementary material, which is available to authorized users.
Material and methods

Instruments and reagents
All chemicals such as ATN (chemical formula = C 14 H 22 N 2 O 3 ), NaOCl, HCl, and NaOH, etc. were purchased from Sigma Aldrich without further purification. Raw MWCNTs (Cheap Tubes Inc., USA) were used as the base adsorbent. The physical and chemical characteristics of selected adsorbent are listed in Table 1 .
Modification of adsorbent
In order to modify the adsorbent surface, the raw MWCNTs were initially contacted with NaOCl solutions (30% and 60% purities), placed on a stirrer for 2 h at 300 rpm, and then dried. Subsequently, the pretreated MWCNTs were placed in an ultrasonic bath at a frequency of 22 kHz and different times (1, 5, 10, and 20 s). Next, they were rinsed and heated at 70°C for 7 h in an oven, and kept in the desiccator for next uses.
Batch adsorption experiments
The experimental design of this study was one factor at a time. The affective factors on the adsorption process, including pH ), and solution temperature (20-50°C) were investigated and optimized in a laboratory scale. It should be noted the ATN solutions without any adsorbents, as well as the untreated adsorbents were used as controls. Accordingly, the ATN adsorption on the flask wall was negligible.
Measurements and data analyzing
The ATN concentrations in the aqueous phase were measured via a high-performance liquid chromatography (HPLC, CE4200, England). Samples were pre-filtered before using in the chromatographic studies by a 0.45 μm PTFE hydrophilic sterile filter. Meanwhile, the HPLC mobile phases were True density~2.1 g cm
Acetonitrile (ratio of 55% to 100%) and 0.05 M Phosphate buffer (ratio of 45% to 0%), respectively, at 1.5 mL min −1 flow rate. The absorbances of the sample solutions were recorded at 224.20 nm. Surface morphology, shape, as well as the size of MWCNTs and M-MWCNTs were investigated through scanning electron microscopy (SEM, Stereo Scan LEO, Model-400) and transmission electron microscopy (TEM, PHILIPS, EM400). SEM image of raw MWCNTs (Fig. 1) showed a uniform distribution and regular filamentous structure. Raman spectroscopy (Renishaw, RM 1000) technique was also applied to find the spectral fingerprint of materials. Furthermore, an FT-IR spectrometer (Bruker Optics, TENSOR 27) was used to determine the functional groups and formation of chemical bonds in MWCNTs and MMWCNTs.
The ATN removal efficiency (E, %) and adsorption capacities (q, mg g ) of MWCNTs and M-MWCNTs were determined based on the following equations [23] :
C o and C e (mg L −1
) are the initial and equilibrium ATN concentrations, respectively. V (L) is solution volume, and m (g) is the mass of each adsorbent used.
Kinetics of adsorption
Kinetic equations are applied to explain the transport behavior of the adsorbate molecules on the adsorbent surface per time unit. In the current study, four kinetic models were used to define the adsorption kinetics. The non-linear forms of these models are presented below [24] ) are related to pseudo first order, pseudo second order, and intra-particle diffusion model, respectively. In addition, α (mg g
) and β (g mg
) are the constants of Elovich model.
Isotherm of adsorption
Equilibrium isotherms describe the relationship between adsorbate concentration and adsorbent capacity at a constant temperature. Here, Freundlich, Langmuir, and Temkin isotherms were employed to evaluate the experimental data. The non-linear expressions of used isotherm models are given in equations below [7, 25] :
Freundlich q e ¼ K F C 1=n e
ð8Þ
Temkin q e ¼ q m ln
The constants of K L , K F , and K T are related to Langmuir, Freundlich, and Temkin models, respectively. Moreover, 1/n is the Freundlich constant associated to adsorption intensity, and q m (mg g ) is the maximum theoretical adsorption capacity of adsorbent.
Furthermore, R L that is a dimensionless separation factor in the Langmuir model was calculated as:
Thermodynamics of adsorption ) were determined to study the adsorption thermodynamic. Often, Vant Hoff relation is used to show the relationship between temperature (T,°K) and adsorption equilibrium constant, (K c = q e /C e ), and is expressed as [16, 26] : 
where T ( ∘ K) is the temperature of solution and R is the universal gas constant (8.314 J mol 
Validity of kinetic and isotherm models
) and normalized standard deviation (NSD) were used to assess the validity of kinetic and isotherm models. X 2 and NSD are defined as [27] :
NSD ¼ 100
q i,exp and q i,cal (mg g and NSD values indicate more accurate estimation of q t [28] .
Modeling based on artificial neural network (ANN)
The Neural Network Toolbox in MATLAB R2012a was employed to model and predict the ATN adsorption efficiencies on adsorbents used. Here, a three-layer ANN consisting of hidden, input, and output layers was used. ANN model had a tangent sigmoid transfer function at the hidden layer, a linear transfer function at output layer, and Levenberg-Marquardt back propagation algorithm with 1000 iterations. The data obtained from the experiments, 70% for training and 30% for the testing set, were classified randomly into three categories, including three neurons (ATN concentration (mg L −1 ), contact time (min), and M-MWCNTs dose (g)), one neuron (ATN removal percentage) in the output layer, and 1 to 25 neurons in the hidden layer. The data were then normalized between 0.1 and 0.9 to avoid computational problems. The following normalization equation was used for modeling:
where y is the normalized value of x i , and x max and x min are associated with the maximum and minimum values of x i , respectively. Ultimately, the ANN removals were modeled according to the coefficient of determination (R 2 ) and mean squared error (MSE), which can be defined as:
where y p,i is the predicted value of ANN model, y exp,i is the experimental value. N is the number of data, and y av is the average of the experimental values. The thermal stability of the M-MWCNTs has been depicted in Fig. 3 . Based on the thermal gravimetric analysis (TGA); M-MWCNTs are stable without any significant damage from about 40°C to 537.88°C. However, they began to decay from 537.88°C, continued to a temperature of about 620°C, and after this point, no other weight loss was observed. In this temperature range, weight loss was 96.33%. This can be justified by the loss of organic matter and the water molecule adsorbed by M-MWCNTs [29] . The derivative thermogravimetric (DTG) analysis showed only one large digital interceptor at 582.17°C.
Results and discussion
M-MWCNTs characteristics
Moreover, Raman's technique, which is a spectroscopy method based on the scattering phenomenon and is unique for each molecule, was used to find out the structure of a composite (Fig. 4) . In the Raman spectrum of M-MWCNTs, two sharp peaks are seen; the D band (about 1340 cm ) was caused by the disordered structure and the G band, which is the first-order Raman band, appeared at about 1580 cm 
The effect of variables
Ultrasonication
The effect of different ultrasonication time on the modification of MWCNTs is represented in Table 2 . As shown, by increasing the ultrasonication time of MWCNTs from 1 to 5 and then to 10 s, the efficiency of ATN removal onto the adsorbent increased. The highest removal (87.89% ± 2.3) occurred in the adsorbent activated within 10 s, but increasing the activation time to 20 s reduced the removal efficiency, which is likely because of structural damage. The surface ultrasonic treatment can remove catalyst particles, increase porosity, shorten the length of the nanotubes, and increase the specific surface area of CNTs [30, 31] . Furthermore, high performance, short duration, and environmental soundness are other benefits of the adsorbent ultrasonic modification [19] . Naghizadeh et al. (2017) [33] .
NaOCl pretreatment
In the case of NaOCl concentration, the solution having 30% concentration indicated better results and an increase in NaOCl concentration to 60% resulted in a significant reduction of the efficiency (Table 2 ). This finding can be justified by the fact that the balanced chlorine concentration of 30% increases the adsorbent porosity, which led to an improvement in the removal efficiency. Su et al. (2010) found that the untreated CNTs have more porosity in micropores but less porosity in mesopores as compared to the CNT(NaOCl) [34] .
When the NaOCl solution of 60% is used, the increased chlorine oxidizes carbon nanotubes, and thereby, the electrical conductivity is reduced [35] . Yu et al. (2011) attributed the adsorption of toluene, ethylbenzene and xylene (TEX) on NaOCl-treated MWCNTs to the combined action of hydrophobic interaction, π-π bonding interaction between the aromatic ring of TEX and the oxygen-containing functional groups of MWCNTs and electrostatic interaction [36] . Furthermore, chemical pre-treating of adsorbents can increase their surface-active protons, and thereby their chemisorption capability [27, 36, 37] . In the Lu et al. study, CNTs were synthesized by catalytic chemical vapor deposition method, and then by HCl, H 2 SO 4 , HNO 3 , and NaOCl solutions, separately. The NaOCl-oxidized CNTs had superior adsorption performance of BTEX from the aqueous solution compared to the untreated activated carbon [18] . Therefore, the 30% NaOCl solution and 10 s ultrasonication time were selected as the optimum conditions for adsorbent modification.
The effect of pH
The results of the ATN adsorption on M-MWCNTs in various pHs showed that this parameter plays an effective role in the (Fig. 6 ). According to the experimental study, the ATN adsorption rate at pH less and more than 6, the removal efficiency was reduced, and from pH 6 to 9, this reduction continued, however, re-increased at pHs more than 9. Therefore, the highest ATN removal rate was observed at pH = 6 with a yield of 86.08%. In acidic pH close to 6, the carboxyl and hydroxyl functional groups are protonated on the surface of CNTs and the adsorbent surface has a positive charge, which promotes the total adsorption through the electrostatic interaction between the adsorbent and the adsorbate. However, in pHs greater than 6, the amount of ATN removal was reduced due to an increase in negative charge and electrostatic repellence between adsorbent and adsorbate [1] . In addition, at higher pHs of 9, the competition of OH − ion with ATN for occupation activated sites is another factor reducing the efficiency of ATN elimination [15, 38] . The optimum pH of ATN adsorption on M-MWCNTs was lower than the pHzpc value (7.6, see supplementary material), meaning that the adsorbent surface was positively charged (attracting anions) and the acidic water donates more protons than hydroxide groups [39] .
On the other hand, regarding ATN has an octanol-water partition coefficient (K ow ) of 0.23 and is a lipid insoluble hydrophilic compound (pK a = 9.6) [40] ; therefore, adsorption seems to be a suitable process for removing it from aqueous solutions.
In the current study, it was found that the oxidation of carbon nanotubes by various chemical solutions leads to the formation of different functional groups on them, so that the total acidity of the carbon nanotubes has increased after the oxidation, which can be due to the presence of phenol, lactone, and carboxyl groups. The main factors of acidity were respectively carboxylic groups followed by lactone and phenolic groups [18] .
In the study of Haro, et al. [7] the optimum pH value equal to 6 was found for the removal of ATN by granular activated carbon. The optimum pH of 7 was obtained in the study of Ardakani and Zandipak [41] about Janus Green dye removal onto MWCNTs. While, the most effective removal of amoxicillin by commercial activated carbon and NH 4 Cl-induced activated carbon was reported at pH 6 [42] .
Effect of contact time and kinetic modeling
The kinetic of ATN adsorption on M-MWCNTs was investigated over a 150-min period at initial concentration of 5 mg L −1 and the optimized pH of 6. The ATN adsorption rate during the early minutes of experiments was much higher than the late one, in other words, the adsorption capacity of adsorbate increases during the early minutes (Fig. 7) . This may be attributed to the presence of specific functional groups and abundant unsaturated active sites on the outer surfaces of MMWCNTs at the beginning phase of adsorption [1, 43] . Moreover, the incremental adsorption of ATN in the early minutes showed that M-MWCNTs had a high ability to remove ATN over a short period of time, which was very important in terms of energy and cost saving. After 90 min, almost no significant changes in the ATN adsorption capacity were observed, so 90 min was considered as the equilibrium time in the next adsorption experiments. Our results are compatible with those of similar studied e.g. According to a previous study Pourzamani et al., the highest removal efficiency of benzene removal from aqueous solution by MWCNTs was observed at 20 min and there was a direct correlation between removal efficiency and contact time [19] . Further, in another study, the optimum time of 75 min was obtained to remove dye by CNTs [41] . In a similar research, the best results were found after 90 min to adsorb ATN onto granular activated carbon [7] , which is similar to equilibrium time obtained in the current study. In the study of ATN elimination by cherry seed, the best equilibrium time was obtained at 60 min, then, by an increase of the contact time, a decreasing trend was observed. The reason was attributed to the presence of negative charges on the surface of adsorbent after equilibrium time [45] . In general, by increasing the contact time, availability of the adsorbate ions to unoccupied active sites on the adsorbent surface decreases and ultimately these sites become saturated when the process reaches the equilibrium point [8] .
In our study, four well-known models, including pseudo first order, pseudo second order, intra-particle diffusion, and Elovich were used to describe the adsorption process kinetic (Fig. 8) . The kinetic parameter values of ATN adsorption onto M-MWCNTs have been presented in Table 3 . As seen, the R 2 values of pseudo first order, pseudo second order, Elovich and intra-particle diffusion were 0.943, 0.994, 0.958, and 0.863, respectively. The values of X 2 and NSD of pseudo first order were higher than those of pseudo second order and Elovich.
Low correlation coefficient (0.863), higher values of X 2 (10.95) and NSD (3385.9), as well as K i value higher than zero, representing the thickness of boundary layer, demonstrate that the intra-particle diffusion model was not the only controlling step of the process. It reveals that adsorption of ATN on the M-MWCNTs was a multi-step process, involving the adsorption on the external surface and diffusion into the interior. ). These explanations verify that the adsorption of ATN on M-MWCNTs was better fitted by pseudo second order models; expressing chemisorption was the dominant mechanism controlling the process of ATN adsorption on M-MWCNTs. This also means that the ion exchanging or electrons sharing had been occurred between adsorbate and the binding sites on the M-MWCNTs [24, 28] . Chemisorption process is typically limited to one layer of molecules on the surface of the adsorbent commonly followed by added layers of the physically adsorbed molecules of the adsorbate [46, 47] .
The pseudo second order model also indicates that two parallel reactions are involved in the ATN adsorption on M-MWCNTs; the first one that quickly arrives to equilibrium and the second slower one that last longer [26, 27] . Haro, et al. [7] evaluated ATN adsorption on the activated carbon and reported the pseudo second order as the suitable kinetic model for data description.
Isotherm modeling
Equilibrium data commonly known as adsorption isotherms provide basic requirements for the design of adsorption systems. These data express the capacity of the adsorbent or the amount required to remove a unit mass of the pollutant under the system conditions [24] . In order to evaluate the ATN adsorption equilibrium on Experimental data Pseudo first order Pseudo second order Elovich Intera-particle diffusion M-MWCNTs and the mechanisms affecting it, three isotherm models, including Langmuir, Freundlich, and Temkin were selected. The results of the adsorption isotherm parameters for different equations are presented in Table 4 . According to R 2 , X 2 , and NSD values, the ATN adsorption behavior on M-MWCNTs followed from both Freundlich (0.97) and Langmuir (0.95) models, although the adsorption process somewhat fits more with the Freundlich model. Temkin isotherm was also tested in the investigation.
The R 2 of Temkin model was roughly comparable with the Langmuir and Freundlich R 2 , which highlighted the extent to which the Temkin model is applicable for the adsorption of ATN by M-MWCNTs. The process fitness according to Langmuir adsorption model describes monolayer and homogeneous adsorption of adsorbate on the surface while the Freundlich model suggests the adsorption is occurred onto a multilayer and heterogeneous surface [27] .
Once again in Table 4 , the n value in the Freundlich model was higher than 2 (between 2 to 10), indicating the favorable adsorption of ATN onto M-MWCNTs. Furthermore, in the Langmuir model, the value of R L was between 0 and 1, which represents that ATN molecules were favorably adsorbed by the adsorbent [26] .
Moreover, the maximum ATN adsorption capacity (q m ) of M-MWCNTs based on the Langmuir model was equal to 61.72 mg g −1 , indicating the good capacity of M-MWCNTs in removal of pharmaceutical pollutants existed in wastewaters. The q m of current adsorbent is comparable to similar materials used to pharmaceutical pollutant removal [8, 38, 48] . Considering that the larger values of the two constants indicate that the adsorption is more favorable [26] , it is concluded that the M-MWCNTs have a good adsorption capacity for ATN removal as compared to carbons in the same researches [1, 8] .
Thermodynamic study
The increasing temperature can have two major effects on the adsorption process. First, it increases the diffusion rate of the adsorbate molecules into internal pores and the external boundary layer of adsorbent as a result of the reduced viscosity of the solution. Second, it amends the equilibrium capacity of the adsorbent for a specific adsorbate [47] .
The ATN adsorption studies were carried out at different temperatures of 20, 30, 40, and 50°C (Fig. 9) . As seen, the adsorption capacity improves with the increasing temperature from 20°C to 40°C, indicating that adsorption is an endothermic process in this temperature range. This may be a result of the increase in the ATN mobility upon temperature rising. The growing number of molecules may also attain sufficient energy to undertake an interaction with active sites at the surface [25] . Furthermore, the increasing temperature may produce an enlarging effect within the internal structure of M-MWCNTs and cause the large ATN molecule to penetrate more [43] . However, with an additional increase in temperature to 50°C, the ATN removal , room temperature, pH of 6, and contact time of 90 min) efficiency was reduced. This can be because high temperatures cause damage to the adsorbent structure.
The values of thermodynamic parameters such as (ΔG°), (ΔH°), and (ΔS°) for the adsorption of ATN on M-MWCNTs are shown in Table 5 . The negative value of ΔH o suggests that the adsorption process was exothermic and it was not favored at higher temperatures [39] . Moreover, the positive value of ΔS o is an indicator of the ATN tendency toward the adsorbent, It also demonstrates the improved efficiency as a result of the increasing temperature in solid and liquid phases during the adsorption process. In other words, positive
ΔS
o values imply that the degree of disorder increased during the adsorption process [25] .
The negative values of ΔG°confirm that the process of ATN adsorption on M-MWCNTs is spontaneous and feasible. Since ΔH o value of ATN adsorption is greater than 40 kJ mol −1 , it can be concluded that the adsorption process had a chemical mechanism [35] .
ANN modeling
In the current study, initially, the ANN model with different back propagation algorithms was developed to estimate the performance of the ATN adsorption process. Among all back-propagation algorithms, the Levenberg-Marquardt algorithm typically resulted in a lower MSE, which was then selected as the training algorithm in the present study. The optimal structure of ANN model achieved based on the minimum value of MSE and the maximum value of R 2 for testing set. Figure 10 shows four scatter plots, evaluating the experimental values against the predicted neural network values for all training, testing, and validating data. According to Fig. 10 , approximately the whole values dispersed around the 45°line, indicating a good compatibility between the trial results and ANN- Fig. 11 presents the relation between the number of neurons, R 2 , and MSE for the ANN modeling of ATN adsorption onto MMWCNTs. Figure 12 illustrates the relationship between the experimental and predicted values of ATN removal using the ANN model for the whole dataset after de-normalization. The determination coefficient (R 2 ) for training data was 0.9492 and for testing data was 0.9911. These results are in agreement with previous studies, which reported a determination coefficient of 0.9813 for microcystins LR adsorption using MWCNT-Fe 3 O 4 [24] and 0.98 for adsorption of triamterene using multi-walled and single-walled carbon nanotubes [1] .
Conclusion
As one of the most frequently prescribed β-blocker drugs, ATN exists widely in hospitals and municipal wastewaters. In this study, we investigated the ability of MWCNTs modified by NaOCl and ultrasonic treatment in treating the aqueous environment containing ATN drug. The results of our study showed that the application of reasonable NaOCl concentration and ultrasonic frequency remove many impurities, increase porosity, and thereby significantly improves adsorption efficiency of MWCNTs. However, if the time and frequency of ultrasonic waves, as well as the chlorine concentration in the liquid exceed the optimal levels, these led to oxidizing the adsorbent context and ultimately reducing adsorption capabilities. The highest ATN removal occurred in the adsorbent activated within 10 s, but increasing the activation time to 20 s reduced the removal efficiency. Therefore, the adsorbent treatment with the proposed method of this study is not time consuming and also is not rather costly. Based on TGA, M-MWCNTs are stable without any significant loss from about 40°C to 537.88°C. Moreover, we proved that ANN can be a good way to estimate the experimental data in different conditions (more than 94% accuracy). 
